ABSTRACT: Mucopolysaccharidosis VII (MPS VII) is a lysosomal storage disorder characterized by a deficiency in b-glucuronidase activity, leading to systemic accumulation of poorly degraded glycosaminoglycans (GAG). Along with other morbidities, MPS VII is associated with pediatric spinal deformity. The objective of this study was to examine potential associations between abnormal lumbar spine matrix structure and composition in MPS VII, and spine segment and tissue-level mechanical properties, using a naturally occurring canine model with a similar clinical phenotype to the human form of the disorder. Segments from juvenile MPS VII and unaffected dogs were allocated to: radiography, gross morphology, histology, biochemistry, and mechanical testing. MPS VII spines had radiolucent lesions in the vertebral body epiphyses. Histologically, this corresponded to a GAG-rich cartilaginous region in place of bone and elevated GAG staining was seen in the annulus fibrosus. Biochemically, MPS VII samples had elevated GAG in the outer annulus fibrosus and epiphyses, low calcium in the epiphyses, and high water content in all regions except the nucleus pulposus. MPS VII spine segments had higher range of motion and lower stiffness than controls. Endplate indentation stiffness and failure loads were significantly lower in MPS VII samples, while annulus fibrosus tensile mechanical properties were normal. Vertebral body lesions in MPS VII spines suggest a failure to convert cartilage to bone during development. Low stiffness in these regions likely contributes to mechanical weakness in motion segments and is a potential factor in the progression of spinal deformity. Keywords: lumbar spine; mucopolysaccharidosis VII; mechanical properties; spinal deformity Mucopolysaccharidosis VII (MPS VII), or Sly Syndrome, is a rare, hereditary lysosomal storage disorder characterized by a deficiency in b-glucuronidase activity, leading to the systemic accumulation of poorly degraded chondroitin, dermatan, and heparan sulfate glycosaminoglycans (GAG).
Mucopolysaccharidosis VII (MPS VII), or Sly Syndrome, is a rare, hereditary lysosomal storage disorder characterized by a deficiency in b-glucuronidase activity, leading to the systemic accumulation of poorly degraded chondroitin, dermatan, and heparan sulfate glycosaminoglycans (GAG). 1, 2 Clinically, signs of the disease include physical deformity and impeded mental development. Patients typically have a reduced life span. In the spine, the disease is characterized by poorly formed and aligned vertebral bodies, which has been associated with high incidences of kyphosis and scoliosis. 1, 3, 4 In MPS VII, long bones are shortened and thickened 5 and contain radiolucent lesions in the epiphyses. 6 Recent research demonstrated increased lumbar intervertebral disc height associated with MPS VII, potentially indicative of similar pathology. 2 Beyond these radiographic observations, however, the etiologies of spinal deformities from structural and biomechanical perspectives have not been described. Their elucidation would enable interventional biological or surgical treatments to be targeted with respect to both anatomical location and the developmental stage of the patient.
Established animal models of MPS VII include mutant mouse models [7] [8] [9] and naturally occurring canine 2, 10 and feline 11, 12 models, each of which exhibit similar pathological characteristics to the human form of the disorder. 13 Our objective was to investigate the consequences of MPS VII for the structure, composition, and mechanical properties of skeletally immature lumbar spines, as possible foundations for spinal deformities, using a naturally occurring canine model. The large size of this model facilitated analyses of regional biochemical composition and tissue level mechanical properties. Furthermore, large animal homologues such as dogs show similarities to humans with regard to natural genetic diversity, facilitate similar approaches to therapy and care, and allow the evaluation of long-term effects of treatment. 14 We hypothesized that abnormal matrix structure and biochemical composition associated with impaired cell function in MPS VII would result in altered spine segment stiffness and range of motion, and, at the tissue level, in altered annulus fibrosus (AF) and vertebral body endplate mechanical properties.
MATERIALS AND METHODS

Specimen Preparation
Animals were raised at the School of Veterinary Medicine at the University of Pennsylvania, under NIH and USDA guidelines for the care and use of animals in research. With institutional IACUC approval, lumbar spines were obtained post-mortem from four MPS VII-affected juvenile dogs and four healthy dogs as controls (age ¼ 5.7 � 0.3 months, mean � SD). As in humans, MPS VII in dogs is inherited as an autosomal recessive trait. The affected animals were from a breeding colony originally established from a single heterozygous animal. Two of the control animals were from the same family as the affected animals; the other two were unrelated animals of similar size and weight. Six bone-disc-bone spine motion segments from T12 to L7 were isolated, and zygapophyseal joints were removed and discarded. Those for biomechanical, radiographical, and biochemical experiments were frozen until testing; those for gross morphology and histology were placed in buffered 10% formalin.
Histology
Following fixation, L2-3 segments were decalcified and a 5 mm-thick, midsagittal slab was removed, photographed for gross morphological examination, and processed for paraffin histology. Ten-micron sections were double stained with alcian blue and picrosirius red to demonstrate GAG and collagen distribution, respectively. The AF, nucleus pulposus (NP), and vertebral body epiphyses were examined using bright field light microscopy.
Spine Motion Segment Mechanical Testing
Spine motion segments (L1-2) were thawed and lateral radiographs taken using a fluoroscope (Hologic, Bedford, MA, USA). Vertebral bodies were potted in custom aluminum cups using alignment screws, PMMA, and K-wires. Following overnight equilibration in phosphate-buffered saline (PBS), samples were tested in 20 tension-compression loading cycles (to dissipate hyperswelling effects 15 ) between 45 N and �90 N (Instron, Norwood, MA, USA) at a rate of 0.3 mm/s, followed by a creep test (1-s step load from zero to �90 N held for 1 h). The maximum compressive load of �90 N was selected to apply a 0.48-MPa stress, which corresponds to the stress in a human disc under one body weight. 16 Samples were then cut midaxially through the disc and photographed; total area was determined from the image using a custom written program, in which the disc perimeter was manually traced and the included area calculated from a binary mask 17 (Matlab V7; Mathworks, Natick, MA, USA). Compressive and neutral zone stiffness, total range of motion, and creep displacement were calculated. 16 
Vertebral Body Endplate Indentation Testing
The inferior vertebral body, flensed of soft tissue, was mounted face up in an aluminum cup using alignment screws, fixed in position using PMMA, and mounted in the PBS testing bath. A 1.5 mm-diameter spherical tip was used to indent each sample at 0.2 mm/s in the central, anterior, and lateral regions (Fig. 1A) . The results of one indentation test were excluded as the tip slipped off the edge of the vertebral rim. Failure load (the peak load reached during the test) and failure displacement were calculated. To calculate linear region stiffness, a sixth-order polynomial was fitted to the load-displacement data up to the failure load; stiffness was then calculated as the maximum of its first derivative.
Annulus Fibrosus Tensile Mechanical Testing
Intervertebral discs (L4-5 or L5-6) were separated from adjacent vertebral bodies at the end plates using a scalpel. A circumferentially oriented strip was removed from the anterior AF (Fig. 1B) , equilibrated for 1 h in PBS at 48C, and trimmed to a uniform thickness using a freezing stage microtome. Specimen cross-sectional area was then measured using a custom laser device. 18 The surface was speckle-coated with India ink, and the specimen was mounted in the mechanical testing system and submerged in PBS. Following the application of a 0.1 N tare load, the specimen was preconditioned for 10 cycles to 5% strain followed immediately by a quasi-static ramp test at a rate of 0.01 %/s. Surface images were analyzed to determine axial tissue strain (Vic-2D; Correlated Solutions, Columbia, SC, USA). Linear and toe region elastic moduli and transition strain were determined using a bilinear fit. 19 Differences in the mechanical properties of motion segments, endplates, and the AF between MPS VII and unaffected samples were examined using unpaired Student's t-tests. Regional variations in endplate indentation properties in affected and unaffected samples were examined using oneway analysis of variance (ANOVAs) followed by Tukey pairwise post hoc tests. All statistical tests were performed using GraphPad Prism 5 (GraphPad Software; La Jolla, CA, USA).
Region Biochemical Composition
Intervertebral discs were removed at the endplates from L5-6 or L6-7 spine segments using a scalpel. Disc tissue samples were dissected from the NP, inner anterior AF, and outer anterior AF. Anterior, inferior epiphysis samples were obtained as follows: all cartilage was carefully cleaned from the endplate surface, and parallel incisions were made to the depth of the growth plate followed by an incision parallel to the growth plate. Samples were then divided into two equal portions. All specimens were weighed to determine wet weight, dried overnight at 608C, and reweighed to determine dry weight and water content. AF, NP, and one epiphysis sample were then digested using proteinase K. Sulfated GAG was MUCOPOLYSACCHARIDOSIS VII AND SPINAL DEFORMITY measured using the dimethylmethylene blue assay. 20 The second endplate sample was incubated overnight in 0.5 M HCl; total calcium content was then measured using the o-cresolphthalein complexone technique. 21 Measured constituents were normalized by sample dry weight. Differences in biochemical composition in each region between MPS VII and unaffected samples were assessed using unpaired Student's t-tests. Regional variations in biochemical properties in affected and unaffected samples were examined using oneway ANOVAs followed by Tukey pair-wise post hoc tests.
RESULTS
Structural Observations
Marked differences were observed in the structure of MPS VII spines compared to unaffected spines (Fig. 2) . Lateral fluoroscope images ( Fig. 2A and B) showed radiolucent lesions in MPS VII samples anteriorly and posteriorly, immediately adjacent to the intervertebral disc; no such lesions were observed in unaffected samples. Gross morphology (Fig. 2C and D) showed a white homogeneous material in the peripheral regions of the epiphyses in MPS VII samples associated with these lesions, in place of trabecular bone. Alcian bluepicrosirius red stained sections ( Fig. 2E and F) showed elevated GAG staining associated with these epiphyseal lesions in MPS VII samples, and high GAG staining throughout the AF of the disc relative to unaffected samples. Closer examination (Fig. 3) revealed that in MPS VII samples, epiphyseal lesions were composed of a GAG-rich, cellular cartilaginous material in place of trabecular bone (Fig. 3A-D) , and significant GAG infiltration into the lamellae of the AF relative to unaffected samples (Fig. 3E-H) .
Mechanical Properties
No significant difference in disc area was found between MPS VII and unaffected samples. Motion segment mechanical testing results for unaffected samples were comparable to those reported previously. 22 Compressive and neutral zone stiffness were both significantly lower for MPS VII motion segments compared to unaffected segments ( Fig. 4A and B ; 66 and 19% of unaffected, respectively, both p < 0.05). Total range of motion was significantly greater for MPS VII samples ( Fig. 4C ; þ216% of unaffected, p < 0.05). Creep displacement was significantly greater for MPS VII samples ( Fig. 4D ; þ194% of unaffected p < 0.05). Endplate indentation properties of unaffected samples were comparable to those reported previously for the human vertebral endplate. 23 Stiffness in unaffected samples was not significantly affected by region. For MPS VII samples, the stiffness in the anterior region showed a trend to be lower than for other regions (p ¼ 0.07). Comparing unaffected and MPS VII samples, the latter were significantly less stiff in all three regions ( Fig. 5A ; central: 50% of unaffected, p < 0.005; anterior: 24% of unaffected, p < 0.05; and lateral: 30.4% of unaffected, p < 0.005). Like stiffness, failure load did not have significant regional dependence. Failure load was significantly lower in MPS VII samples (Fig. 5B , central: 51% of unaffected, p < 0.05; anterior: 18% of unaffected, p < 0.05; and lateral: 35% of unaffected, p < 0.005). Failure displacement was not significantly different between regions in either group, and no differences were found between MPS VII and unaffected samples in any region (Fig. 5C ). AF sample cross-sectional area was 2.1 � 0.61 mm 2 . AF tensile mechanical properties (Fig. 6) were of similar magnitude to those reported previously for human tissue. 24, 25 No tensile properties were significantly different between MPS VII and unaffected samples.
Regional Biochemical Composition
In unaffected samples, significant differences were found in water and GAG content between all regions (p < 0.05). In MPS VII samples, there were no significant regional differences in water content, with GAG content significantly different only between the NP and epiphysis (p < 0.05). In MPS VII samples, water content was significantly higher than in unaffected samples in all regions except the NP (Fig. 7A , inner AF: 109% of unaffected, p < 0.05; outer AF: 124% and epiphysis: 225% of unaffected, both p < 0.005). GAG content was significantly higher for MPS VII samples in the outer AF and epiphysis (Fig. 7B, 194 and 783% of unaffected, respectively, both p < 0.005), but not in the inner AF or NP. Calcium content in the anterior epiphysis of MPS VII samples was 46% of that measured in unaffected samples (Fig. 7C, p < 0.005) .
DISCUSSION
Although spinal deformity is an established clinical sign of MPS VII, the potential roles of altered lumbar spine segment structure, composition, and mechanical properties in its progression have not been characterized. We examined these parameters comprehensively using a canine model. Radiolucent lesions, similar to those noted previously in the spine and long bones, 2, 6 were observed, and their histological appearance was described. Apparent high GAG content and low mineral content in these regions was confirmed biochemically. These findings may be indicative of a failure of epiphyseal cartilage to convert to mineralized bone during development, and are consistent with previous suggestions that lysosomal accumulation inside osteoblasts, osteocytes, and chondrocytes in MPS VII, particularly those of the growth plate, impedes the ability of these cells to regulate cartilage and bone formation and remodelling. 26 Significantly reduced vertebral body endplate stiffness and failure load are most likely attributable to abnormal composition associated with these lesions (elevated GAG and water content, and absence of mineral), and likely contribute to the decrease in motion segment stiffness and increased range of motion. Mechanical weakness in anterior and lateral regions, in particular, may contribute to the progressive onset of kyphotic and scoliotic deformity, respectively. Increased creep displacement of MPS VII-affected spine segments may be attributable to increased deformations in the disc and uncalcified regions of the vertebral epiphyses, as both these tissues exhibited altered composition and structure with the pathology.
The AF performs multiple important mechanical roles in the intervertebral disc, including facilitating joint mobility and generating circumferential hoop stresses under compressive loads. Altered AF mechanical properties as a consequence of altered microstructure or composition would have significant consequences for mechanical behavior of the spine. Other musculoskeletal 
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tissues show increased activity of inflammatory proteases including the MMPs -2 and -9 (gelatinases) and MMP-13 (a collagenase) as a consequence of MPS VII. 10, 13 In this study, AF tensile properties, both in the toe region where collagen fibers are realigning and uncrimping and in the linear region where fibers are fully engaged, were not significantly different for MPS VII samples compared with controls, suggesting that any alterations in collagen fibril morphology as a result of increased activity of these catabolic factors have minimal functional consequence.
In the epiphyses, increased water content is likely due to both elevated GAG and the presence of uncalcified cartilage in place of mineralized bone. In the AF, increased water content is most likely a direct result of increased GAG content. Interestingly, tensile properties were not found to be significantly affected by the pathology, suggesting that increased GAG and water content do not significantly disrupt fiber load bearing capacity. Recent research demonstrated a positive correlation between outer AF ultimate tensile strength and vertebral body yield strength, 27 highlighting the functional interrelationships that exist between these two structures. In our study, weakened vertebral endplate mechanics in MPS VII were not accompanied by a concomitant decrease in AF mechanical properties. Abnormal GAG accumulation and associated increased hydration within the AF lamellar structure may act to protect the AF from mechanically induced degeneration. Examination of older animals would confirm this.
Developmental differences exist between canine and human skeletons, including the nature of secondary ossification in the vertebral bodies, which may affect the pathogenesis of bone lesions. In humans, vertebral secondary ossification centers are relatively small and U-shaped, and do not form until the onset of puberty. 28 Developmentally, the age of the animals in our study corresponds to early adolescence in humans. Underdevelopment of the inferior and superior regions of the lumbar and thoracic vertebral bodies was reported in an MPS VII patient aged just 2 months, suggesting the presence of lesions precedes secondary ossification. 1 Associated kyphosis and scoliosis was noted at 2 years of age. 1 If lesions are left untreated, when patients reach adolescence, the rapid period of skeletal growth would likely result in further substantial spinal deformity.
Zygapophyseal joints were removed to facilitate more direct assessment of the mechanical contributions of the intervertebral disc and vertebral bodies. The potential contribution of these joints, and associated muscles and ligaments, to altered mechanical properties and progression of deformity, cannot be discounted, and should be the subject of future studies. Our spine motion segment mechanical properties were not normalized to account for possible differences in disc geometry. Although we were able to demonstrate no significant differences in axial disc area for these segments, attempts to compare disc height prior to testing using lateral radiographs failed, as the presence of radiolucent lesions in MPS VII samples (Fig. 2B) made it impossible to calculate disc height with any degree of accuracy.
Determining mechanisms for ameliorating or reversing the rapid and substantive physical deterioration of the musculoskeletal system associated with MPS VII may result in a significant improvement in the quality of life for patients, in terms of alleviating physical discomfort and improving mobility. Our results show that alterations in motion segment and tissue level mechanical properties can be attributed in part to the apparent failure of mineralized bone to form at the peripheral regions of the vertebral bodies. These results suggest that, in addition to biological therapies, such as enzyme replacement therapy, gene therapy, and hematopoietic stem cell transplantation, [29] [30] [31] which have been proposed for systemic treatment of the disease, localized delivery of osteoinductive anabolic factors, such as bone morphogenetic proteins, 32 to these regions may be an effective means of limiting the progression of deformity.
